Crimean-Congo haemorrhagic fever (CCHF) is a tick borne viral disease reported from different parts of the world. The distribution of the CCHF cases are linked with the distribution of the principal vector, Hyalomma anatolicum in the ecosystem. Presently, vector control is mainly dependent on repeated application of acaricides, results in partial efficacy and generated acaricide resistant tick strains.
| INTRODUCTION
Tick infestation is an important concern for human and veterinary health, as they can transmit a wide variety of pathogens, while taking blood meal and also causing direct damage to host. Gradually, vector borne diseases are rising up and new infectious agents are emerging, leading to significant health concerns due to potential zoonotic threats (de la Fuente & Estrada-Pena, 2012) . Presently, many emerging infectious diseases arise from zoonotic pathogens, and most of them are transmitted by ticks and mosquitoes (Al-Abri et al., 2017; Merino, Alberdi, Pérez de la Lastra, & de la Fuente, 2013) . Hyalomma anatolicum is one of the most common tick species in Asian countries, acts as vector for many human and animal diseases such as Crimean-Congo haemorrhagic fever (CCHF) and tropical bovine theileriosis, respectively Yadav et al., 2016) . In humans, CCHF is an acute, often fatal viral haemorrhagic fever (VHF) and the reported case fatality rate is up to 80% (Al-Abri et al., 2017; Ergonul, 2006; Yadav et al., 2016) . The disease is endemic in many regions, such as Africa, Asia, Eastern Europe, the Middle East and few sporadic outbreaks were also recorded in Kosovo and Albania. During the last one decade, most of the outbreaks were reported from Pakistan, Iran, Sudan and Bulgaria (Akuffo et al., 2016; Al-Abri et al., 2017; Aradaib et al., 2010; Dowall, Carroll, & Hewson, 2017; Messina et al., 2015; Whitehouse, 2004 ).
In India, the CCHF had not been reported before 2011 outbreak in Gujarat (Appannanavar & Mishra, 2011; Patel et al., 2011) . After the first report, outbreaks in other states of India viz., Rajasthan and Uttar Pradesh have been reported and the major factor was identified as wide distribution of H. anatolicum, the tick vector (Mourya et al., 2012) . Moreover, CCHF virus specific IgG was recorded in 5.4% and 10.9% bovine and sheep/goat, respectively, in samples collected from 22 states and one union territory, suggests disease is spreading in silent zone of India (Mourya et al., 2015; Yadav et al., 2016) .
Despite the rapidly growing incidence of CCHF and other tick related problems across the geographical regions, currently no licensed vaccines, antiviral drugs or approved treatments are available globally for preventing virus or its transmission by ticks (Al-Abri et al., 2017; Dowall et al., 2017) . Although vector management programme is prioritized for the vector borne diseases, but for CCHF management, vector control has not been suitably addressed. Globally, management of ticks is focused on repeated applications of chemical acaricides of different classes resulting in many problems including selection of acaricide resistant tick populations (Abbas, Zaman, Colwell, Gilleard, & Iqbal, 2014; .
Though, a lot of information are available on acaricide resistance and its mechanism against cattle tick, Rhipicephalus microplus, limited information is available on resistance status of H. anatolicum against commonly used acaricides (Shyma, Kumar, Sharma, Ray, & Ghosh, 2012; Singh et al., 2014) . Recent studies have shown increasing level of resistance in H. anatolicum ticks collected from CCHF outbreak states viz., Gujarat and Rajasthan (Gaur, Sangwan, Sangwan, & Kumar, 2016; Singh et al., 2015) thus further complicated the CCHFV management programme. Henceforth, new approaches are needed for effective management of tick borne diseases (TBDs), of which immunization of animal hosts appears to be promising, ecofriendly and a practical approach (de la Fuente, Kopacek, Lew-Tabor, & Maritz-Olivier, 2016) . In the early 1990s, BM86 based vaccines were developed and commercialized as TickGARD/GAVAC for the management of R. microplus infestations on animals (de la Fuente et al., 1998; Kemp, Pearson, Gough, & Willadsen, 1989 ). However, cross-protective potentiality of the vaccine against H. anatolicum was reported to be very limited (Ben Said et al., 2012; Kumar et al., 2012; Perez-Perez et al., 2010) . Hence, research is focused towards development of anti-Hyalomma vaccine for CCHF prevention (Al-Abri et al., 2017) .
Currently, few targets were identified and characterized in Hyalomma ticks (Ben Said et al., 2012; Zhang et al., 2017) . In the Entomology Laboratory, IVRI, we characterized the BM86 orthologue, Haa86, subolesin, calreticulin and cathepsin-L genes of H. anatolicum and recorded efficacy of 61.6%, 65.4%, 41.3% and 30.2%, respectively, against homologous experimental challenge infestations by larvae and warranted to identify more potent, conserved functional molecules for the management of the multihost tick vector (Azhahianambi, De La Fuente, Suryanarayana, & Ghosh, 2009; Kumar et al., 2017) . It is reported that, ferritin 2 (FER2) and tropomyosin (TPM) are linked with important cellular and physiological functions and are significantly conserved amongst different tick species (Galay, Umemiya-Shirafuji, Mochizuki, Fujisaki, & Tanaka, 2015; Galay et al., 2013 Galay et al., , 2014 Hajdusek et al., 2009; Hajdusek et al., 2010 Hajdusek et al., , 2016 Nabian, Taheri, Fard, & Aramoon, 2013; Ranjbar et al., 2015; Reese, Ayuso, & Lehrer, 1999; Tian et al., 2015; Zhang et al., 2012) and accordingly were targeted in this study.
Ferritins (FER) are iron-binding proteins present as two forms in ticks, an intracellular form (FER1) and a secreted form (FER2) without any functional orthologues in vertebrates (Hajdusek et al., 2009; Hajdusek et al., 2010) . These proteins have a major role in immune response, oxidative stress, blood acquisition and reproduction (Donohue, Khalil, Sonenshine, & Roe, 2009; Tsuji et al., 2000) . The FER2, a gut specific protein, acts as primary iron transporter molecule expressed in all the tick stages (Galay et al., 2015; Hajdusek et al., 2009; Hajdusek et al., 2016; Pham & Winzerling, 2010) . Tropomyosin (TPM), an actin associated salivary protein, regulates the actin organization. Along with the troponin complex, it associates with actin in muscle fibres and regulates muscle contraction by modulating the binding of myosin (Fischer, Rynkiewicz, Moore, & Lehman, 2016; Ranjbar et al., 2015) . The TPM protein is highly conserved between species and is a cross-reactive allergen between mites and other invertebrates (Reese et al., 1999) . It plays an important role in host-protective immune responses (Hartmann et al., 1997; Jenkins, Taylor, Gilvary, & Bianco, 1998) . However, the role of these proteins in H. anatolicum has never been studied. Accordingly, this study was undertaken to characterizeFER2 and TPM molecules through RNAi and to determine their efficiency as vaccine targets against homologous challenge infestations. Table S1 ). Total RNA was extracted from IVRI line II unfed female ticks using Trizol ® reagent, cDNA was synthesized using oligo (dT) primers.
Initially, conserved partial sequences of the genes were amplified from cDNA using degenerate primers. The PCR products were cloned into a suitable cloning vector and sequenced. After sequencing, both 5′
and 3′ ends of FER2 sequence was extended using RLM-RACE kit and custom designed primers by RNA processing, reverse transcription, adapter ligation and amplification (Supporting Information Table S1 ) to get full length FER2 gene. Similarly, full length TPM gene was amplified, cloned and sequenced . The generated primary sequences were aligned and analysed to get final sequences.
The full length sequences of H. anatolicum FER2 (accession number-KT924235) was submitted to NCBI GenBank.
| Sequence homogeneity of targeted genes of

Hyalomma anatolicum
Field isolates of H. anatolicum were collected from different districts of seven states located between 20.5937°N longitude and 78.9629°E
latitude of India following biosafety measures (Supporting Information Figure S1 ). genes were used as endogenous controls and gene specific primers were designed for qPCR (Supporting Information 
| In vitro synthesis and inoculation of dsRNA to the unfed adults of IVRI line II
The T7 promoter sequence ('taatacgactcactataggg) was added at 5′ end of both the forward and reverse gene specific primers of FER2
and TPM of H. anatolicum for in vitro transcription of both the genes (Supporting Information Table S1 ) to get more than 400 bp amplified products. The unrelated gene, Luciferase (Luc) was considered as control and dsRNA was generated from vector DNA of pGEM-luc (Promega, USA) with specific primers, Luc F: 5′-cccgcgaacgacattta-3′
and Luc R: 5′-cccggtatccagatccac-3′ respectively. The synthesis of FER2 and TPM dsRNA was done as per the method of de la Fuente, Almazan, Blouin, Naranjo, and Kocan (2005) using MegascriptRNAi kit. Briefly, plasmid DNA from the bacterial clones containing FER2
and TPM genes of H. anatolicum (IVRI line II) were used as template for amplification of target genes. The amplified products were purified. In-vitro transcription and purification of dsRNA were done using MEGAscript ® RNAi kit. Furthermore, number of molecule per microlitre was quantified using web based OligoCalc software. A 0.5-1 μl of dsRNA was inoculated into 7-10 days old 25-30 female IVRI line II ticks in each batch as described previously . After inoculation, the ticks were incubated in BOD incubator at 85% RH and 28°C temperature for 24 hr. Before release on calf, ticks were critically examined for their vigour. Only active ticks were released on animals. The effects of gene silencing on ticks were analysed by calculating the percentage of ticks successfully engorged, rejected, unable to engorge, mean engorgement weight and mean egg masses produced from the treated group of ticks and fold change in gene expression level following the protocol of Kumar et al. (2017) .
| Heterlogous expression of FER2 and TPM genes
The predicted protein coding sequences of FER2 and TPM were and rHaTPM proteins with anti-His-Tag mAb and hyperimmune sera raised against antigen prepared from partially fed adults of H. anatolicum was checked by western blotting.
| Characterization of FER2 and TPM proteins by IEF and 2D electrophoresis
The purified proteins were initially separated on 12% SDS-PAGE and then 2D cleanup kit (GE Health care Life Science) was used to remove the impurities. For one-dimensional isoelectric focusing, Immobiline ™ Dry strips, 13 cm, pI 3-10, linear and 7 cm pI 3-10, linear strips were used in the Ettan IPG phor ™ electrophoresis Unit.
Proteins were subjected to overnight rehydration and samples were Binding of rHaFER2 was analysed using ferric chloride (FeCl3) and ferrous sulphate (FeSO4) as substrates whereas, for rHaTPM, calcium chloride (CaCl2) was used as a substrate at a concentration of 0.5 to 50 mM. To study the binding affinity of the proteins with their respective ligands, the additives were pre-incubated for 2 hr and then spectrum was obtained. The spectrum was corrected for background emission generated by buffer, ligands and the experiments were repeated in triplicates for accuracy.
| Standardization of immunization dose
The dose standardization protocol used for rHaTPM antigen (300 μg per animal) was adopted for rHaFER2 protein 
| Immunization of calves and challenge infestations
Cross-bred male calves (n = 12) were divided randomly into three groups comprising of four animals each. The determined immunization dose for rHaFER2 (total dose-450 μg) and rHaTPM (total dose -300 μg) proteins were emulsified thoroughly with equal volume of Montanide ISA 50V2 and inoculated by deep intramuscular injection in the glutial muscle on day 0, 28th and 49th. The control group of calves received only PBS emulsified with equal volume of adjuvant.
From all the animals, 2 ml of blood was collected at weekly intervals; sera were separated and stored at −20°C. Two weeks post 2nd booster dose, 10-12 days old larvae hatched from 200 mg of eggs (for each group of animals) of H. anatolicum were released on animals. The ear bags were regularly checked and engorged larvae were collected and maintained till hatching. After 4 weeks of first challenge, animals were re-challenged with 20 pairs of 7-10 days' old unfed adults. Engorged females were collected and kept at 28°C and 80% relative humidity for egg laying. Immunization efficacy was measured based on reduction in larval number, moulting percentage, rejection percentage, engorgement weight and adult fertility rate using the standard formula (Tables 2 and 3 ). 
| Monitoring of immune response
| Statistical analysis
The analysis of variance was used for comparing the gene transcripts level, mean response of each experimental group in comparison to control for entomological data, antibody responses of calves. The level of significance at p < 0.05 was considered statistically significant.
| Data availability
All the data generated or analysed during this study are included in this manuscript (and its Supporting Information Data S1). Figure S1 , the field isolates were processed for cloning and sequencing of the targeted genes. The submitted accessions are for HaFER2-KT924235 to KT924247 and for HaTPM -KU297189 to KU297197. Deduced amino acid sequence identity of HaFER2 and HaTPM with various field isolates was 97.3%-99.4% and 98.7%-99.9% respectively (Supporting Information Figure S2 Figure S2 ).
| RESULTS
| Amplification of FER2 and TPM genes and determination of genetic homology
| Expression profile of HaFER2 and HaTPM genes in different stages of Hyalomma anatolicum
To determine the expression profile of FER2 and TPM genes in the developmental stages, RT-PCR was performed and it was observed that both the genes are constitutively expressed in all the developmental stages (Supporting Information Figures S3 & S4) . Comparatively, higher (statistically non-significant) level expression of FER2
was observed in engorged larvae, nymphs and in adult females but significantly (p < 0.01) lower in eggs in comparison to reference stage, larvae (Supporting Information Figure S3 ). In case of TPM, expression level was significantly (p < 0.001) higher in fed larvae, nymphs, females, males and in unfed females (p < 0.01), while low level of expression was recorded in eggs in comparison to reference stage (Supporting Information Figure S4 ).
| Gene silencing effect on feeding, survival and reproduction of Hyalomma anatolicum
To establish the role of FER2 and TPM during the tick life cycle, we used RNAi to delete these proteins and analysed its effect on feed- (Figure 1a) . A continuous suppression in expression of both the genes was recorded throughout the feeding period.
| Expression and characterization of recombinant proteins
The coding sequences of rHaTPM and rHaFER2 (devoid of signal peptide) proteins were expressed as~51 and~35 kDa fusion pro- 
| Determination of immunization dose
For the determination of immunization dose, the IgG response was titrated and after analysing the response at maximum dilution of 1:25,600, a significant (p < 0.001) difference in antibody response was recorded between the group II (total dose-300 μg/animal) and III (total dose-450 μg/animal) animals. The group III animals showed consistent antibody response in comparison to the group received 300 μg of total dose. Accordingly, 450 μg total dose (TD) was considered for rHaFER2 immunization study (Figure 6a ). For TPM antigen, 300 μg TD was previously determined by the same method as mentioned in material and methods. | 427
| Protective efficacy
To assess the efficacy of the immunization protocol against homologous challenge of larvae and adults, all the animals were experimentally challenged and entomological data were compared.
Against larvae: The calves were clinically normal throughout the experimental period of 140 days. Within 48 hr of release, the larvae started feeding and continued for the next 6-8 days before dropping as engorged larvae. The number of larvae dropped from immunized and control groups of animals and number moulted to nymphs is presented in Table 2 . There was a significant difference (p < 0.05) in the percentage of engorged larvae dropped and moulted to nymphs fed on rHaFER2 immunized animals. While the same data were significant at (p < 0.01) level in ticks fed on rHaTPM were 38.5%, 29.8%, and 51.2%, respectively, in comparison to control group (Table 3) . The same parameters for rHaTPM antigen were 50.4%, 35.9%, and 66.4%, respectively, in comparison to ticks fed on the control group (Table 3) .
| Antibody response
To monitor post-immunization antibody response in animals and to compare the response with unimmunized animals, the sera collected from animals on different days were tested by indirect ELISA. The mean OD value of the sera collected on 17th and 40th day post-primary immunization (PPI) were 0.82 ± 0.02, 1.56 ± 0.04 and 1.35 ± 0.27, 1.83 ± 0.09, respectively, which was nearly 2.5-4.5 times higher than control in rHaFER2 and 5-6 times in rHaTPM immunized group of animals. The high IgG levels were maintained till 119 days PPI in both the immunized groups (p < 0.001), which is almost four times above the pre-immunized value. After 120 days PPI, a slight drop in IgG response was observed but the value was still 3.5 times higher than pre-immunized value. Similarly, the IgG2 level rose from 0.27 ± 0.2 to 1.71 ± 0.18 in rHaFER2 and 0.23 ± 0.21 to 1.82 ± 0.23 in rHaTPM immunized groups of animals, respectively, which is almost 6-7 times higher in comparison to preimmunized response and sustained till 119th day PPI (Figure 6b ).
| DISCUSSION
The TTBDs cause significant economic losses globally and more importantly jeopardizing public health by transmitting deadly pathogens. The H. anatolicum is the principal vector and reservoir of (Mourya et al., 2012; Mourya et al., 2015; Yadav et al., 2016) . Moreover, acaricide resistance reports in the outbreak regions (Gaur et al., 2016; Singh et al., 2015) created an additional concern to CCHFV management. The acaricide pressure is equally distributed on all the species available on the ecosystem. However, the level of resistance to chemical acaricides is reported to be comparatively lower in H. anatolicum than to one host tick, R. microplus. As a component of IPM, several studies have proved that vaccination is a sustainable option to manage vector and vector borne pathogens and it has been proved in early 1990 with the commercialization of BM86 based vaccine for the management of R. microplus (de la Fuente et al., 1998; Kemp et al., 1989 ). Dowall et al. (2017 opined that zoonotic transmission of CCHF from animals can be managed by the development and introduction of potent cross-protective anti-tick vaccine.
This study was envisaged to characterize FER2 and TPM proteins involved in feeding and blood metabolism processes of H. anatolicum.
High level of sequence homology amongst the different targeted species increases the possibility of success of any vaccine candidate.
The homology analysis of the sequences revealed that both the proteins are highly conserved within the species (Supporting Information Figure S2 ) and thereby explored the protective properties of the molecules. Although, both the genes are present in vertebrates, the chances of autoimmune problem in hosts is minimum because it is expected that the antibody response would primarily be directed against non-self-epitopes and degree of homology is significantly varied with vertebrate gene sequences (Hajdusek et al., 2010) .
To qualify as a potential vaccine candidate for the management of multi-host tick species, it is a pre-requisite to have expression of the targeted gene(s) in all the active feeding stages. Accordingly, quantitative expression profile of FER2 and TPM genes was studied.
The FER2 gene expression was higher in the engorged larvae, nymphs and in adult females (Supporting Information Figure S3 ). (Galay et al., 2013; Hajdusek et al., 2009; Hajdusek et al., 2016) .
In case of TPM gene, the expression was progressively increased with the progression of feeding in each tick stage (Supporting Information Figure S4 ). This is probably due to its distribution in both muscle and non-muscle tissues and thereby regulating muscle contraction, helps in feeding and other physiological process of feeding tick. Moreover, TPM isoforms have an important role in generation of actin filament functional diversity viz., cytokinesis, cell motility, contractile force, intracellular transport, cell morphology and cell size Tian et al., 2015) . So, it is hypothesized that, gene transcription level also increases with tick activity. The data generated in this study and the work reported by other researchers provides ample justification for selecting these two targets as vaccine candidate against the targeted tick vector.
RNAi has been shown to be a valuable tool to screen and characterize tick antigens. Knockdown of FER2 and TPM genes directly interfered with the tick attachment and feeding process. Control 33 ± 0.6 422 ± 14.6 246 ± 10.1 0.58 ± 0.02 DT% = 100(1−NTV/NTC), DO (%) = 100 (1−PATV/PATC), DR (%) = 100 (1−PMTV/PMTC) RF (%) = 100 (1−RIV/RIC) and E (%) = 100 [1−(CRT × CRW × CRI)]. DT: reduction in females; NTV and NTC: number of female dropped from the immunized and control groups of animals, respectively. DO: reduction in egg masses; PATV and PATC: mean weight of egg masses of females fed on immunized and control group of animals, respectively. DR: reduction in mean weight of adult females; PMTV and PMTC: mean weight of adult females dropped from the immunized and control groups of animals, respectively. RF: reduction in adult fertility; RIV and RIC: mean RI of adult females dropped from the immunized and control groups of animals, respectively. Reproductive Index (RI) = Egg masses/engorge tick weight. E%: Percentage efficacy of antigens. CRT = NTV/NTC, CRW = PMTV/PMTC, and CRI= RIV/ RIC is the reduction in tick fertility. The analysis of variance was used for comparing the entomological data after challenge infestation among the different groups of the experimental calves. ***p < 0.001 (in comparison to control).
control (Table 1 ). The FER2 acts as primary transport protein for blood meal iron into peripheral tissues including ovaries, has significant role in iron distribution and provides protection to oocytes and embryo from excessive iron and oxidative stress. Few studies in ticks and insects revealed that ferritin knockdown results in embryonic death or first-instar larval mortality (Galay et al., 2013; Tang & Zhou, 2013; Zhou et al., 2007) . Besides, unavailability of sufficient nutrients including iron, important element for optimum egg production, may be responsible for failure in egg laying in FER2 silenced ticks (Tang & Zhou, 2013) . Similar study was conducted in I. ricinus ticks, where knockdown of two ferritins (IrFER1 & IrFER2) genes affected feeding and reproduction (Hajdusek et al., 2009 ). Our results are in line with previous studies conducted in other tick species (Tang & Zhou, 2013) . It is also reported that TPM in mouth parts and muscles plays an important role in feeding and egg laying activities in ticks and mites . In this study, post-silencing of TPM gene recorded drastic effect on body weight reduction (72.7%) and egg laying capacity (94.9%). Majority of ticks were not able to lay eggs and only 5%-6% ticks laid small egg masses having lower hatchability ( Figure 1 ; Table 1 ). Generally, it is known that highly expressed proteins will have different post-translational modifications, isoelectric point due to proteolytic cleavage and may migrate differently in 2D gels (Garrels et al., 1997; Rogowska-Wrzesinska, Le Bihan, Thaysen-Andersen, & Roepstorff, 2013) . In this study, the rHaFER2 and rHaTPM proteins were observed to be acidic with pI of~5.6 and~4.7 respectively (Figure 3 ). The molecular weight of HaTPM and HaFER2 was~51 kDa and~35 kDa including 6× His tag, respectively and was confirmed by western blot and 2D gel electrophoresis (Figures 2 and 4) . In the biological system, ferritin is an iron-binding protein consisting of 24 subunits arranged in a bundle forming an spherical shell with a large cavity that can accommodate up to 4,000 Fe3+ atoms in a bioavailable form and is a major iron storage protein (Donovan et al., 2005; Galay et al., 2015; Tang & Zhou, 2013) . While, tropomyosin is a muscle associated molecule, involved in muscle contraction by actin site regulation through regulatory protein complex of troponin (Tn) and TPM (Gao et al., 2007; Tian et al., 2015; You et al., 2001) . As a part of antigen characterization and in order to check whether the recombinant FER2 and TPM retain their biological activity, intrinsic tryptophan fluorescence property of these proteins was assessed and revealed that rHaFER2 and rHaTPM have functional iron and calcium binding domains respectively ( Figure 5 ).
The role of humoral antibody response in conferring protection against ticks has been well established in many immunization studies and vaccine efficacy was reported to be directly correlated with antibody response (de la Fuente et al., 2011; Galay et al., 2013; Kumar et al., 2017; Shakya, Kumar, Nagar, de la Fuente, & Ghosh, 2014) .
As, anti-tick immunity is reported to have direct relationship with the production of IgG (de la Fuente et al., 2011; Galay et al., 2013; Kumar et al., 2017; Shakya et al., 2014) , the suitability of the adjuvant and the dose of the antigens were determined on the basis of IgG titre. Following, challenge infestations, the efficacy of rHaFER2
and rHaTPM was determined as 51.7% and 63.7% against larvae and 51.2%, and 66.4% against adults of H. anatolicum respectively. Hajdusek et al. (2010) , reported an overall efficacy of 64% and 72% Haemaphysalis longicornis (Ranjbar et al., 2013; Ranjbar et al., 2015; Reese et al., 1999; Tian et al., 2015; Zhang et al., 2012) . However, based on available literature, most of the immunization trials were conducted on laboratory animals. In this study, the TPM was tested for the first time in calves and achieved 63.7% and 66.4% efficacy against larvae and adults challenge infestations, respectively.
The FER2 and TPM proteins were characterized and immunization of animals using recombinant version of the proteins in the presence of suitable adjuvant generated strong antibody response which had a statistically significant deleterious effect on the attachment and reproduction parameters of challenged ticks. The result of the study established a foundation for further research on development of multivalent or cocktail recombinant vaccines against CCHFV vector. The data of each antigen generated in this study and in our previous experiments provided base line information about the characters of the individual target. We are in the process of conducting immunization trial by combining the most effective antigens to achieve maximum efficacy. Once achieved, the vaccine will form an integral component of integrated CCHFV and the protozoan parasite, Theileria annulata management programme.
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